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ABSTRACT
In eukaryotic cells, DNA is a large molecule that must be greatly condensed to fit within
the nucleus. DNA is wrapped around histone proteins to form nucleosomes, which facilitate
DNA condensation, but on the other hand, may limit DNA processes. Organisms must respond
to environmental stress in order to survive, and one strategy is by remodeling nucleosomes to
promote changes in DNA accessibility to alter gene expression. Studies have demonstrated a
clear correlation between nucleosome dynamics and transcriptional change in some eukaryotes,
however factors that affect nucleosome positioning in plants are largely unknown, and the
correlation between nucleosome dynamics and transcriptional changes in response to
environmental perturbation remain unclear.
We report a high-resolution map of nucleosome patterns in the rice (Oryza sativa)
genome by deep sequencing of micrococcal nuclease digested chromatin. The results reveal that
nucleosome patterns at rice genes were affected by both cis- and trans- determinants, including
GC content and transcription. A negative correlation between nucleosome occupancy across the
transcription start site (TSS) and transcription was observed, and the nucleosome patterns across
the TSS were correlated with distinct functional categories of genes. A parallel experiment was
done monitoring nucleosome dynamics and transcription changes in response to phosphate
starvation for 24 hours. Phosphate starvation resulted in numerous instances of nucleosome
dynamics across the genome which were enhanced at differentially expressed genes.
This work demonstrates that rice nucleosome patterns are suggestive of gene functions,
and reveal a link between chromatin remodeling and transcriptional changes in response to
deficiency of a major macronutrient. The findings help to enhance the understanding towards
eukaryotic gene regulation at the chromatin level.

vi

CHAPTER 1. BACKGROUND
Primary structure of eukaryotic chromatin
Eukaryotic DNA must be condensed to fit into a small space within the nucleus. Studies
on primary chromatin structure reveal that 146 bp of DNA wrap around a histone octamer
consisting of each of two copies of H2A, H2B, H3 and H4 to comprise a nucleosome (Luger et
al., 1997). Linker DNA refers to the region in between nucleosomes, and can be bound by
histone H1. The length of linker DNA between nucleosomes varies among species, cell types
and developmental stages, ranging from ~20 bp to ~50 bp (Teif et al., 2012; Beh et al., 2015;
Zhang et al., 2015). Longer linkers facilitate the packaging of DNA and are related to silent
genes and heterochromatin (Valouev et al., 2011), whereas shorter linkers are related to higher
expression levels (Zhang et al., 2015). The formation of nucleosomes along DNA facilitates
DNA compaction, however it makes the DNA inaccessible for important cellular processes
including DNA replication, recombination, repair and transcription (Annunziato, 2005; RadmanLivaja and Rando, 2010; Price and D'Andrea, 2013; Pulivarthy et al., 2016). Hence, nucleosome
distribution is not static but rather is modified in accordance with these processes.
The development of genome sequencing technology enables the rapid growth in
determining genome-wide nucleosome positions at a high resolution. Genome-wide nucleosome
maps have been widely reported in a variety of species including in yeast (Lee et al., 2007), C.
elegans (Valouev et al., 2008), Drosophila (Mavrich et al., 2008b), human (Valouev et al., 2011),
Arabidopsis (Li et al., 2014) and rice (Wu et al., 2014). In observing the common patterns from
the reported nucleosome maps, a stereotypical nucleosome pattern can be summarized across the
transcription start site (TSS) of actively transcribed genes: a nucleosome depleted region (NDR,
sometimes termed ‘nucleosome free region (NFR)’ depending on the context. I use NDR
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throughout this dissertation) localized just upstream of the TSS. Regions upstream of the TSS
(promoters) are depleted of nucleosomes relative to regions downstream of the TSS (transcribed
regions). Evenly-spaced nucleosome arrays are found downstream of the TSS, with the stronglypositioned first nucleosome of the array (‘+1’ nucleosome). Nucleosome arrays upstream of the
TSS with relatively positioned ‘-1’ nucleosome are observed in yeast and humans, but not in
Tetrahymena thermophila and plants, and this phenomenon is discussed in Chapter 2.
Nucleosomes toward the 5’ end of genes are relatively better positioned than the ones further
downstream of the TSS, and there is an NDR immediately upstream of the transcription
termination site (TTS) at the 3’ end of genes. The nucleosome arrays downstream of the TSS
can be partially explained by the barrier model (Mavrich et al., 2008a), in which a positioned
nucleosome or other proteins that compete for binding to the DNA (for example, transcription
factors, chromatin remodelers, and RNA polymerases) act as barriers to limit the possibilities of
nucleosome positioning close to the barrier, close to the first nucleosome, the second and so on,
forming the ‘statistical positioning’ with a decay of nucleosome arrays away from the closest
barrier (Figure 1.1).
Nucleosome patterns (i.e. positioning and occupancy) are influenced by various cis- and
trans- factors, including DNA sequence preferences, DNA methylation, histone posttranslational modifications, histone variants, transcription factors, chromatin remodelers, RNA
polymerases and other DNA binding proteins that compete with histones. Contrasting results
from studies reporting the impact of a single factor on transcription suggest that the impact of a
single factor is usually context-dependent and involves the interaction with other factors. I
reviewed the literature on how each factor impacts nucleosome stability, and hence nucleosome
positioning and occupancy, and then reviewed the interactions among those factors to discuss the
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impact on transcription in general. I use ‘nucleosome positioning’, ‘nucleosome occupancy’ and
‘nucleosome patterns’ throughout this dissertation: nucleosome positioning refers to where the
nucleosome is located with respect to the genomic DNA, and nucleosome occupancy refers to
the likelihood of having a nucleosome at a specific genomic location (Struhl and Segal, 2013).
Nucleosome patterns refer to the combination of both nucleosome positioning and occupancy.

Figure 1.1. Schematic map of nucleosome patterns at eukaryotic genes. Modified from (Jiang
and Pugh, 2009). Consensus distribution of yeast nucleosome across the gene is shown. The
peaks and valleys represent the relative nucleosome occupancy and the green (strong) to blue
(weak) color transition suggest the correlation between nucleosome composition (histone variant
levels, active histone post-translational marks) and phasing. The ovals represent the nucleosome
positioning and the darker color suggests stronger positioning.
Nucleosome sequence preferences
Studies have revealed the sequence differences between nucleosomal DNA and naked
DNA, suggesting that nucleosomal DNA has a sequence preference. Unlike classic proteinDNA binding, nucleosomal DNA requires the sharp bending of the DNA molecule nearly twice
across the histone octamer and plays roles in establishing compact higher-order chromatin
structure. The 10-bp periodic WW (A/T) dinucleotides oscillating in phase with each other and
out of phase with 10-bp periodic SS (G/C) dinucleotides (Figure 1.2) provides local bendability
for the nucleosomal DNA and are enriched within the nucleosome in humans, yeast, Drosophila,
3

C. elegans and rice (Lee et al., 2007; Mavrich et al., 2008a; Mavrich et al., 2008b; Valouev et al.,
2011; Zhang et al., 2015). On the other hand, the rigid poly (dA:dT) tracks are found to resist
nucleosome formation, causing nucleosome depleted regions (NDR) across the genome (Yuan et
al., 2005; Lee et al., 2007; Mavrich et al., 2008a; Mavrich et al., 2008b; Struhl and Segal, 2013).
The particular dinucleotide oscillations at the well-positioned +1 nucleosome (the first
nucleosome downstream of the transcription start site) varies among species: yeast and C.
elegans use WW (A/T) dinucleotides and Drosophila and humans use SS (G/C) dinucleotides, as
the oscillating pattern of WW or SS dinucleotides can be used to identify nucleosomes
respectively (Mavrich et al., 2008b; Valouev et al., 2011). Importantly, trans-acting factors are
found to constantly override sequence preferences. In humans, the insulator CTCF and repressor
NRSF binding sites are surrounded by nucleosome arrays and the binding sites are depleted of
nucleosomes, however those sites intrinsically favor nucleosome positioning and exhibit high
nucleosome occupancy in vitro suggesting the action of trans-factors in vivo to remove
nucleosomes at those sites (Valouev et al., 2011). In yeast, the chromatin remodeler Isw2
inhibits transcription by positioning nucleosomes over the TSS and NDR where unfavorable
sequences are usually found (Whitehouse et al., 2007).
Another way to characterize the impact of intrinsic DNA sequence on nucleosome
positioning is the GC content. However, the effect of GC content on nucleosome positioning is
controversial, possibly due to its partially overlapping role with CpG methylation (see below),
and the exact sequence arrangement within the length of genomic location of interest. Generally,
high GC content is found to favor nucleosome positioning (Tillo and Hughes, 2009; Gaffney et
al., 2012). It is shown that nucleosomes are stabilized by GC-rich sequences, yet the positioning
is not strong, and nucleosome positioning is further strengthened by flanking AT-rich repelling
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sequences to restrict the mobility of the nucleosome in humans (Valouev et al., 2011) and rice
(Zhang et al., 2015). As a result, nucleosomal DNA is generally GC-rich and linker DNA is ATrich. GC content plays a more important role in determining in vivo nucleosome positions in
organisms with low-GC genomes, for example, in Tetrahymena thermophila (22% GC) (Beh et
al., 2015). Nucleosome patterns across the transcription start site (TSS) in yeast (38% GC) show

Figure 1.2. Crystal structure of the nucleosome. Modified from (Bonisch and Hake, 2012).
Color codes: Yellow-H2A, Red-H2B, Blue-H3, Green-H4, Light Grey-DNA. L1 loop, acidic
patch and C-terminal docking domain are shown in magenta, cyan and orange respectively. WW
and SS: 10-bp periodic WW (A/T) dinucleotides that oscillate in phase with each other and out
of phase with 10-bp periodic SS (G/C) dinucleotides within the nucleosomal DNA. Sequence
preference is obtained from (Struhl and Segal, 2013).
significant differences between in vivo and in vitro data as the in vivo nucleosome arrays across
the TSS are lost in vitro however in T. thermophila, in vivo and in vitro nucleosome patterns
across the TSS are largely the same.

With a low-GC genome that generally disfavors

nucleosomes, T. thermophila uses oscillating GC content downstream of the TSS to guide
nucleosome positions, especially at the +1 nucleosome.
5

In vitro nucleosomes are weakly

positioned across the TSS in yeast, as no GC content oscillation is found downstream of the TSS,
suggesting a more dominant role of trans- determinants in nucleosome positioning in vivo (Beh
et al., 2015).
DNA methylation and nucleosome positioning
Covalent modification of DNA changes its flexibility and affinity to histones and thus has
an impact on nucleosome formation. The addition of a methyl group to the fifth carbon of a
cytosine produces 5-methyl-cytosine, which is usually adjacent to a guanine (CpG dinucleotides).
This process is catalyzed by DNA methyl-transferase (DNMT) and the changes in methylation
are widely shown to be correlated with eukaryotic growth, development and disease (Jin et al.,
2011; Smith and Meissner, 2013; Dantas Machado et al., 2015). The hydrophobic methyl group
not only influences the direct contacts between DNA and proteins, but also changes the
conformation of the DNA binding site (Dantas Machado et al., 2015). It is unclear whether there
is a causal correlation between DNA methylation and nucleosome formation, and how DNA
methylation could alter nucleosome stability. In Arabidopsis and humans, it was shown that
DNA methylation is enriched at nucleosomal DNA, and the 10-bp periodicity of DNA
methylation at nucleosomal DNA further indicates that DNA is methylated while bound to
histones (Chodavarapu et al., 2010). Studies suggest that DNA methylation impacts nucleosome
formation indirectly via other factors: DNMTs are shown to interact with both DNA and histones
for proper anchoring to function (Jin et al., 2011), and to overcome nucleosome barriers,
nucleosome remodeler DDM1 is involved in nucleosomal DNA methylation (Lyons and
Zilberman, 2017). In addition, there is a positive correlation (r=0.853) between nucleosome
occupancy and the number of methylated CpG dinucleotides (Collings and Anderson, 2017). It
has been shown that the loss of DNA methylation results in nucleosome reorganization and
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gaining of active or permissive histone modification marks including H3K27ac, H3K4me3 and
histone variant H2A.Z deposition at CpG island (CGI) promoters but not at insulators or nonCGI promoters, suggesting the methylation of nucleosomal DNA is also context-dependent (Lay
et al., 2015). Studies have been carried out to elucidate the impact of DNA methylation on
nucleosome stability with contrasting results (i.e. results show that DNA methylation either
stabilizes (Collings et al., 2013; Lee et al., 2015) or destabilizes (Portella et al., 2013)
nucleosomes). It is also indicated that when the given sequence is methylated, the dependence of
the nucleosome formation energy on the sequence becomes moderate, making strongly or
weakly formed nucleosomes weakened or strengthened, respectively (Minary and Levitt, 2014).
DNA methylation can also affect histone post-translational modifications. Methylated
CpG can be recognized by proteins that contain a methyl-CpG-binding domain (MBD), which
can further recruit histone deacetylase (HDAC) and other chromatin remodeling complexes,
resulting in the repression of transcription (Baylin et al., 2001; Robertson, 2002). Similarly, it is
shown that by recognizing MBD, DNMT may directly recruit histone methyl-transferase (HMT)
to the region, causing the methylation of the associated histones (Jin et al., 2011). A link
between DNA methylation and histone variant deposition has also been revealed. Replacement
of canonical histone H2A with its variant H2A.Z is excluded from regions with methylation
within the gene bodies. This correlation is conserved from plants to animals, indicating the role
of H2A.Z deposition in protecting DNA from methylation and maintaining transcription
activation (Zilberman et al., 2008; Zemach et al., 2010). The close interplay among DNA
methylation, histone modifications, and histone variant deposition suggests their complex yet
balanced roles in maintaining chromatin stability while facilitating biological functions.
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Histone variants and nucleosome stability
Histone proteins within nucleosomes can be replaced by paralogous gene products, so
nucleosome stability can therefore be altered by the interaction with these variants. Among core
histones, the H2A family has the largest number of variants, including H2A.Z and H2A.X which
are found universally in eukaryotes (Talbert and Henikoff, 2010). Additionally, H2A.Z is about
60% identical to the canonical H2A within the same species but is about 80% identical among
species, suggesting its unique functions over other histone variants (Bonisch and Hake, 2012).
Here I focus on reviewing the current understanding of how H2A.Z incorporation affects
nucleosome stability, and how H2A.Z interacts with other factors. H2A.Z is deposited by the
SWR1 chromatin remodeling complex and removed by SWI/SNF and INO80 complexes (Luk et
al., 2010; Papamichos-Chronakis et al., 2011). The sequence preferences for H2A.Z-containing
nucleosomes remain unchanged as the canonical H2A (Segal and Widom, 2009). As the H2AH2B dimer is at the edges of the nucleosome (Figure 1.2), and disassembly of a nucleosome
requires the initial removal of an H2A-H2B dimer, the stability of the H2A-H2B dimer in a
nucleosome is crucial for the stability of the entire nucleosome (Henikoff, 2008). The structural
differences between H2A.Z and the canonical H2A account for local nucleosome stability as
well as higher-order chromatin stability.

The most significant difference is at the L1-L1

interface between the two H2As (Figure 1.2), which is important for the interaction between the
two histone proteins by holding the two H2A-H2B dimers together (Suto et al., 2000). H2A.Z
has a more extensive L1-L1 interface that results in a more stable association between two H2AH2B dimers as well as a more dynamic interface with (H3-H4)2 tetramer due to loss of
interaction (Luger et al., 1997; Suto et al., 2000). It is proposed that such structural differences
make nucleosomes more resistant towards dimer loss and open nucleosome structure (Bonisch
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and Hake, 2012). Secondly, the C-terminus of H2A, which is located at the DNA entry/exit (i.e.
where DNA begins and finishes the ~1.65 rounds wrapping of histones) (Figure 1.2), is
important for histone-DNA interaction, interaction with linker histone H1 as well as other factors.
H2A.Z differs from H2A at C-terminal length and amino acid sequences, which was found to
stabilize nucleosomes (Bonisch and Hake, 2012). Thirdly, there is an increased acidic patch on
the surface of H2A.Z-containing nucleosome (Figure 1.2). The acidic patch is a negatively
charged binding surface on the nucleosome that interacts with the neighboring H4 tail and the
linker histone H1 to facilitate the formation of secondary chromatin structure (Boulikas et al.,
1980; Kalashnikova et al., 2013).

Thus, the increased acidic patch on H2A.Z-containing

nucleosome is likely to cause compact chromatin structure. Moreover, the extended acidic patch
of H2A.Z is required but not sufficient for ISWI ATP-dependent chromatin remodeler activity
(Goldman et al., 2010) and contributes to local chromatin flexibility.
To better understand the impact of H2A.Z incorporation on nucleosome stability and
hence transcription, its interaction with other factors must be considered. H2A.Z plays different
roles depending on its partners within the nucleosome, for example, nucleosomes with both
H2A.Z and H3 variant H3.3 are shown to be the least stable, whereas nucleosomes with both
H2A.Z and canonical H3 are more stable than the canonical form with H2A and H3 (Jin and
Felsenfeld, 2007). It is found that nucleosomes with both H2A.Z and H3.3 (the least stable
combination) are enriched surrounding NDRs of active promoters, where higher nucleosome
dynamics are expected (Jin et al., 2009).

The different or contrasting roles of H2A.Z on

nucleosome stability offers an explanation to the ‘bivalent promoters’, where both active histone
post-translational modification marks (e.g. H3K4me3) and inactive (e.g. H3K27me3) marks are
located, that H2A.Z makes the nucleosome more or less stable depending on which form of H3 it
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is interacting with. H2A.Z nucleosomes are found necessary for pioneer transcription factor (TF)
binding, which can bind nucleosomal DNA directly. Binding of pioneer TFs promotes the
recruitment of SWI/SNF and INO80 complexes to remove H2A.Z nucleosomes, causing
nucleosome deletion that allows the binding of other classic TFs that bind naked DNA
(Subramanian et al., 2015). Like canonical histones, the C-terminal of H2A.Z can be posttranslationally modified, for example, acetylated H2A.Z is found surrounding the TSS of active
genes (Valdés-Mora et al., 2012).
Active histone post-translational marks, for example H3K4 methylation, are mainly
deposited on H3.3 nucleosomes rather than H3 nucleosomes (Ooi et al., 2006).

It is

hypothesized that H3K4 methylation serves as a marker for histone replacement rather than an
epigenetic mark itself that allows for active chromatin inheritance (Henikoff, 2008).

This

hypothesis is supported by the contrasting effect of H2A.Z incorporation on histone H3 or H3.3
to amplify their differences in nucleosome stability as discussed above, and in addition, the
destabilization with H2A.Z and H3.3 incorporation is independent of histone acetylation (Jin and
Felsenfeld, 2007).

More evidence on the co-localization of histone variants together with

modification marks and their net effect on nucleosome stability and transcription can better help
to understand the roles of histone variant in chromatin organization and transcriptional regulation.
Linker histone H1 acts to neutralize the charges on the linker DNA and directly interact
with core histone H2A to facilitate chromatin compaction at higher orders. Recent studies have
revealed the roles of histone H1 in more than structural assistance in DNA compaction but also
functional impact on DNA replication, DNA repair and genome stability (Fyodorov et al., 2017).
Deletion of H1 results in shortened nucleosome spacing (Woodcock et al., 2006), which is one of
the signatures to distinguish euchromatin from heterochromatin, indicating the role of H1 in
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transcriptional regulation.

The mechanism of H1-nucleosomal DNA interaction has been

revealed, and arginine 54 on H1 is necessary for H1-nucleosomal DNA interaction due to its
positive charges and hydrogen bonding ability. That chromatin of embryonic stem cells is more
accessible than differentiated cells can be partially explained by the citrullination of arginine 54
on H1, which loses the positive charges and has reduced ability for hydrogen bonding
(Christophorou et al., 2014).
Histone modifications and nucleosome stability
Histone post-translational modifications are shown to affect nucleosome stability and
accessibility as they change how histones interact with each other, and with the DNA, as well as
how histones interact with other nucleosome-binding proteins. As variants are found mostly
within the (H2A-H2B) dimers, histone modifications are more frequently found within the (H3H4)2 tetramer. Modifications can be found at the N-terminal tails as well as at the core histones,
and tail modifications are found to affect transcriptional activities indirectly, the modifications at
the core histone itself are found to directly impact nucleosome stability and thus dynamics.
The N-terminal tails from H3 make contact with the linker DNA and H1, and H4 tails
make contact with adjacent nucleosome surfaces (Strahl and Allis, 2000). Acetylation of lysines
at those tails neutralizes the positively charged lysines and thus decreases the interaction between
the (H3-H4)2 tetramer and the DNA, resulting in increased nucleosome mobility. Methylation of
lysines and arginines are found to stabilize non-histone proteins binding to the H3 tails (Henikoff,
2008). Depending on the nature and function of such non-histone proteins, the methylation at
H3 tails can either stabilize or destabilize the nucleosomes. For example, binding of polycomb
repressive complex 1 (PRC1) to H3K27me and binding of heterochromatin protein 1 (HP1) to
H3K9me helps to anchor the H3 tail and stabilize the nucleosome while binding of chromatin
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remodelers to acetylated H4 destabilizes nucleosomes (Henikoff, 2008).

Since H3K4

methylation may serve as the marker for histone variant deposition as discussed above, histone
tail modifications may rely on the interaction with other factors to alter nucleosome stability.
Studies have shown that modifications at the histone core can directly impact nucleosome
stability. Depending on the location and nature of the modification, core histone modifications
can alter histone-DNA interactions and histone-histone interactions to change nucleosome
stability.

Acetylation of H3K56 and methylation of H3R42, both located near the DNA

entry/exit site, have minor impacts on nucleosome stability but increase nucleosome ‘breathing’
(transient exposure of nucleosomal DNA at the entry/exit site) (Tessarz and Kouzarides, 2014).
For H3K56Ac, the interaction between histone and DNA becomes weaker at the DNA entry/exit
site, increasing the unwrapping of nucleosomal DNA near the site. H3K56Ac is found to be one
of the modifications that keeps chromatin accessible at a higher order level and is involved in
transcriptional regulation and DNA replication (Masumoto et al., 2005; Xu et al., 2005;
Watanabe et al., 2010). Adding a methyl group at arginine (H3R42me) not only enhances steric
hindrance but also removes a hydrogen bond donor, which slightly decreases nucleosome
stability to allow RNA polymerase II (RNA Pol II) to migrate more easily through the template
(Casadio et al., 2013). Acetylation of H3K122 and H3K64 are found to destabilize nucleosomes,
as these two lysines are located at the dyad axis (i.e. the middle of the nucleosomal DNA) where
histone-DNA interaction is the strongest. H3K122Ac and H3K64Ac are enriched at active
promoters, and promote eviction of nucleosomes at promoters, suggesting the role of these two
modifications in transcription activation (Di Cerbo et al., 2014). H3K79me and H4K91Ac both
decreases nucleosome stability by altering histone-histone interactions: methylation of H3K79
causes the loss of a hydrogen bond of the L2 loop to histone H4 (Lu et al., 2008), and acetylation
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of H4K91 neutralizes charges of the lysine at the (H2A-H2B) dimer-(H3-H4)2 tetramer interface
(Ye et al., 2005) to decrease the association. Histone core modifications may have similar
effects as histone variant replacement. For example, glutamine 105 of H2A is located at the Cterminal docking domain of H2A (Figure 1.2), and the modification of glutamine 105 may lead
to a similar effect as H2A.Z deposition, which has a glycine residue at position 105 in humans,
and serine in yeast with the effect of stabilizing nucleosomes (Suto et al., 2000).
Phosphate sensing, uptake and signaling
In this dissertation, I discussed the impact of phosphate starvation on nucleosome
patterns and transcription. In order to survive, organisms must respond rapidly and vigorously to
environmental stress, such as low availability of nutrients.

Phosphorus (P) is an essential

nutrient as it is a structural component of nucleic acids and phospholipids, and is involved in the
regulation of biological processes. Consequently, prolonged P starvation can lead to arrest of
both growth and cell division (Secco et al., 2012). To ensure coordination between growth and
external P availability, organisms have evolved sophisticated sensing and signaling pathways.
When plant root tips make contact with low P conditions, primary root growth is arrested
suggesting the root tips are the local sensing site for inorganic phosphate (Pi) (Svistoonoff et al.,
2007). The mechanism behind the sensing is unclear in plants since no particular Pi sensor or
transceptor (a transporter and a receptor) has been identified. In yeast, PHO84 is identified as a
Pi sensing transceptor (Popova et al., 2010) and the SPX-domain (SG1/PHO81/XPR1)
containing PHO1 can be the candidate of the Pi sensing transceptor in plants. Pi itself can serve
as a signal in Pi starvation signaling, as Pi starvation response is suppressed by the application of
phosphite (HPO32-) (Ticconi et al., 2001). The major form of Pi taken up by plants is determined
by pH dependent Pi uptake experiments in plants: the results reveal that the uptake rates are

13

highest between pH 5 and 6 where H2PO4- predominates. The movement of Pi anion to the sites
of uptake by plants is by diffusion and it’s a very slow process (10-12 to 10-15 m2/s). The main
site for Pi uptake is at the root hairs. Root hairs contribute to most of the total root surface area
(70%), and they are the location for Pi transporters (e.g. Pht1;1, Pht1;4) in plants (Schachtman et
al., 1998). The overall negative charge on the cell wall caused by the presence of carboxyl
groups associated with the pectic polysaccharides and the concentration differences of Pi in and
out of the cell (soil/apoplasm < 2 μM and symplasm/cytoplasm at mM level) require the
involvement of Pi transporters (Smith et al., 2003).
Pi is one of the most limiting nutrients for plants due to its low solubility in soil and poor
uptake efficiency (Raghothama, 1999). Pi fertilizers are applied to maintain crop growth, but are
mined from non-renewable sources, and over-fertilization of Pi can cause environmental
problems, including eutrophication of waterways and hypoxia (Vance et al., 2003; Conley et al.,
2009; Elser and Bennett, 2011; Li et al., 2016). Understanding how plants respond to Pi
limitation, and increasing Pi-use efficiency will aid in enhancing agriculture sustainability.
Under Pi deficiency conditions, plants carry out changes to deal with the low Pi situation,
and this response is termed the Pi starvation response (PSR). Several morphological changes are
observed, including increased root to shoot biomass ratio, stimulated lateral root and root hair
growth, and inhibited lateral root growth. Physiological changes include the de-repression or
activation of high affinity Pi transporters, accumulation of sucrose and anthocyanin at the
deprived tissues, and the reduction of photosynthesis (Hammond et al., 2004).
Rice is an important crop species feeding a large population in the world. With a
relatively small genome size, rice is used as a model organism that is relatively easy to study. In
rice, the sensing and signaling of Pi starvation can be summarized as follows (Hu and Chu, 2011):
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OsSPX1 is an SPX domain containing protein (since it contains a domain similar to yeast
PHO81, it might play a role in –Pi sensing), and it negatively regulates OsPHR2, which is a
transcription factor that plays an important role in Pi starvation signaling in rice with the
consensus binding sequence P1BS (5’-GNATATNC-3’) (Zhou et al., 2008). OsmiR399 is a
direct target of OsPHR2, and OsmiR399 negatively regulates OsPHO2 (LTN1).

OsPHO2

encodes a putative ubiquitin-conjugating enzyme (E2) that plays a role in protein degradation.
That suggests OsPHO2 regulates Pi starvation signaling by causing target protein degradation.
However, the direct target of OsPHO2 is not known, but may be Pi transporters and other
components involved in Pi starvation signaling. In addition to OsPHR2, there are other members
in the PHR1 subfamily reported to regulate Pi-starvation and Pi-homeostasis redundantly:
OsPHR1, OsPHR3, and OsPHR4 (Ruan et al., 2017).
Regulation of gene expression at the chromatin level
In animals and plants, it has been demonstrated that nucleosomes are enriched at exons of
genes, and strongly positioned at intron-exon and exon-intron junctions, with RNA polymerase II
enrichment at the exons over introns (Chodavarapu et al., 2010).

These observations are

consistent with the role of nucleosome positioning in transcription.
One of the most extensively studied models regarding the regulation of gene expression
in the context of chromatin structure is the yeast PHO5 gene (Horz and Altenburger, 1981;
Almer et al., 1986; Vogel et al., 1989; Fascher et al., 1993; Svaren and Horz, 1997; Korber and
Barbaric, 2014). Also, the chromatin remodeling at the PHO5 gene provides an example of the
activation of a repressed gene in response to Pi starvation. Pi starvation in yeast results in an
increased production of secreted acid phosphatase, and more than 90% of the acid phosphatase
activity is provided by Pho5. The expression of the PHO5 gene is strongly regulated by Pi
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concentration in the medium, where no phosphate activates the expression, whereas high and
even low phosphate represses the expression. Under repressed conditions (+Pi), transcription
factor Pho4 that activates Pho5 is phosphorylated by the cyclin-CDK complex Pho80 and Pho85.
At the PHO5 promoter, there are strongly positioned nucleosomes occupying the region except
for a ~80 bp of UASp1 (Upstream Activation Sequence phosphate) is exposed (sensitive to
DNaseI digestion). UASp1 is the high-affinity binding site for Pho4, and phosphorylated Pho4
can not bind UASp1. Under Pi starvation conditions (-Pi), Pho81 serves as a starvation signal to
inhibit the activity of the Pho80-Pho85 complex, thus un-phosphorylated Pho4 binds
nucleosome-free UASp1 and further recruits Pho2, another transcription factor, as well as the
SWI/SNF complex to remove nucleosome arrays at the promoter using ATP and finally activates
PHO5 expression (Figure 1.3).

Figure 1.3. Nucleosome patterns at the PHO5 promoter under non-induced (+Pi) and induced (Pi) conditions. Nucleosomes -1, -2, -3 and -4 are removed upon activation. Filled circles mark
the two Pho4 binding sites UASp1 and UASp2. The positions are listed relative to the coding
sequence (PHO5). Figure is modified from (Fascher et al., 1993).
The knowledge learned from the activation of the yeast PHO5 promoter reveals the role
of transcription factors and chromatin remodelers as trans-determinants of nucleosome
positioning that correlate with transcription.

The interaction between nucleosomes and

transcription factors can also fine-tune transcription. At the PHO5 promoter, there are two Pho4
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binding sites, one located at -360 (UASp1, high-affinity) and the other at -250 (UASp2, lowaffinity) (Figure 1.3). The nucleosome-free UASp1 is mainly responsible for the activation of
the promoter by setting the threshold of responses via binding affinity, while the nucleosomebound UASp2 is responsible for the overall expression level once the promoter is activated (Lam
et al., 2008). The low-affinity UASp2 is an example of nucleosome-bound transcription factor
binding sites and the accessibility of such sites are likely dependent on nucleosome stability
differences. For example if the binding sites are close to the entry-exit position of nucleosomal
DNA, the binding sites can be exposed transiently, as discussed above.
Nucleosome arrays at the PHO5 promoter under repressed conditions differ from the
stereotypical nucleosome patterns across the TSS, in which an NDR is surrounded by the
strongly positioned -1 and +1 nucleosome upstream and downstream of the NDR, respectively
(Figure 1.1 and 1.3). In addition, the -1 nucleosome of the PHO5 promoter covers the TATA
box, which is usually found at inducible or “stress-responsive” promoters.

Positioned

nucleosomes covering the TATA box and other transcription factor binding sites at the promoter
region seems to be a typical pattern in inducible promoters (Basehoar et al., 2004). This differs
from constitutive promoters or promoters of “housekeeping” genes, where a wider NDR
provides transcription factor accessibility and allows the constant assembly of transcription
machinery without recruitment of chromatin remodeling complexes nor hydrolyzing ATP to
fulfill the “housekeeping” role.
What maintains the difference between inducible and constitutive promoters in term of
the nucleosome patterns? In addition to transcription factors and chromatin remodelers, the
action of RNA polymerase II plays a central role in maintaining promoter accessibility during
protein-coding gene transcription. The positioned +1 nucleosome immediately downstream of
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the TSS may serve as a strong barrier for RNA polymerase II. Deposition of histone variant
H2A.Z at the +1 nucleosome facilitates (H2A-H2B) dimer loss (Talbert and Henikoff, 2014) to
allow RNA polymerase II passage while leaving the hexasome (nucleosome without an H2AH2B dimer) (Lai and Pugh, 2017).

On the contrary, the positioned +1 nucleosome may

contribute to the pausing of RNA polymerase II (Mavrich et al., 2008b; Bai and Morozov, 2010).
Paused Pol II is associated with promoters with pro-nucleosome sequences, and promoters of
genes with less paused Pol II disfavor nucleosome assembly suggesting the role of Pol II in
maintaining promoter accessibility by eviction of nucleosomes. Such behavior of Pol II is also
found to poise genes for higher levels of transcription due to promoter accessibility (Adelman
and Lis, 2012).
Correlation does not grant casualty and attempts have been made to elucidate the causal
relationship between nucleosome dynamics and transcriptional regulation.

Under induced

conditions, with a deleted or mutated TATA box, the PHO5 promoter undergoes nucleosome
eviction without the proper loading and activation of RNA Pol II (Fascher et al., 1993; Barbaric
et al., 2007). In Drosophila, the Hsp70 gene body undergoes nucleosome loss upon heat shock
that is independent of Hsp70 transcription (Petesch and Lis, 2008). Those results suggest that
the loss of nucleosomes at genes (promoter or gene body) is the prerequisite of transcription, or
at least independent of transcription. Recently, it was found that nucleosome dynamics is more
likely an increase in nucleosome accessibility rather than nucleosome eviction (a decrease in
occupancy) during transcription induction (Mueller et al., 2017).
In this dissertation, I illustrate the cis- and trans- determinants of nucleosome patterns in
rice including GC content and transcription. I discuss how GC content and transcription affect
nucleosome positioning and occupancy and draw the correlation between nucleosome patterns
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and gene functional annotations (Chapter 2.). Further, I show how environmental perturbation
(via Pi starvation) changes nucleosome patterns and transcription, and the correlation between
nucleosome dynamics and transcriptional changes (Chapter 3.).
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CHAPTER 2. NUCLEOSOME POSITIONING AND OCCUPANCY IN RICE 1
Introduction
There are two major types of determinants of nucleosome occupancy identified from a
variety of eukaryotic organisms: DNA sequence features, considered cis-determinants, such as
GC content, and trans-determinants, including transcription factors and chromatin remodelers
that modulate nucleosome placement, histone variant deposition, and histone post-translational
modifications (Lee et al., 2007; Mavrich et al., 2008a; Tillo and Hughes, 2009; Valouev et al.,
2011; Struhl and Segal, 2013; Li et al., 2014; Wu et al., 2014; Liu et al., 2015). Previous studies
have also demonstrated the presence of well-positioned nucleosomes adjacent to transcriptional
start sites (TSS) of eukaryotic genes (Lee et al., 2007; Mavrich et al., 2008b; Valouev et al., 2011;
Li et al., 2014; Wu et al., 2014; Liu et al., 2015; Zhang et al., 2015). In contrast, much less is
understood regarding the dynamics of nucleosome patterns (i.e. positioning and occupancy) and
their connections to transcriptional regulation.
Studies of nucleosome occupancy and positioning in plants are limited compared to those
in model animal species. Recent genome-wide studies in Arabidopsis (Chodavarapu et al., 2010;
Li et al., 2014) and rice (Wu et al., 2014; Zhang et al., 2015) have shown nucleosome patterns in
genic regions that are generally similar to other eukaryotes. Also similar to other species is that
transcription is an important trans-determinant of nucleosome occupancy in plants (Fincher et al.,
2013; Li et al., 2014; Liu et al., 2015; Zhang et al., 2015). However, the particular determinants
of nucleosome occupancy in plants remain unclear, and how they compare to other eukaryotes
has not been investigated.

Here, we report the genome-wide nucleosome positioning and

Portions of this chapter previously appeared as Zhang, Q., Oh, D.H., DiTusa, S.F., RamanaRao,
M.V., Baisakh, N., Dassanayake, M., and Smith, A.P. (2018). Rice nucleosome patterns undergo
remodeling coincident with stress-induced gene expression. BMC Genomics 19, 97.
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occupancy in rice via deep sequencing of micrococcal nuclease digested chromatin (MNase-seq).
We reveal the relationships among nucleosome patterns, gene structure, gene functions and
transcriptional activities in rice.
Materials and Methods
Plant material and growth conditions
Rice (Oryza sativa ssp. japonica cv. Nipponbare) seeds were surface-sterilized with 5%
bleach and rinsed, and soaked in sterile distilled water at 37 °C in the dark for 3 days for pregermination. Seeds were allowed to germinate at 22 °C under a 16 hr/8 hr day/night cycle for 14
days. Rice seedlings were transferred to half-strength Hoagland’s nutrient media (2.5 mM KNO3,
1 mM KH2PO4, 3.5 mM Ca(NO3)2·4H2O, 1 mM MgSO4·7H2O, 5 μM MnCl2·4H2O, 0.07 mM
NaMoO4, 0.02 mM H3BO3, 0.3 μM ZnSO4·7H2O, 0.2 μM CuSO4·5H2O, 0.014 mM Fe(EDTA))
for 21 days in a growth room under non-sterile conditions. For nutrient treatment, seedlings
were transferred to fresh half-strength Hoagland’s or the same media lacking phosphorus
(KH2PO4) for 24 hours. The hydroponic experiments were performed under 16 hr/8 hr day/night
cycles and temperature was kept at 22 °C in a growth room. The pH of the solution was adjusted
to 5.5 and the solution was renewed every 7 days. Shoots (green tissues) and roots from the
seedlings were flash frozen in liquid nitrogen, and stored at −80 °C.
MNase-seq
The EZ Nucleosomal DNA Prep Kit (Zymo Research, Irvine, CA) was used for nuclei
isolation and mono-nucleosomal DNA preparation from plant tissues. The nuclei isolation and
MNase treatment were performed according to the manual with modifications. Briefly, tissues
were ground in liquid nitrogen and re-suspended in HBM buffer (25mM Tris pH 7.6, 0.44M
sucrose, 10mM MgCl2, 0.1% Triton X, 2M spermidine, and 10mM β-mercaptoethanol). The
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mixture was filtered with miracloth and centrifuged for 60 min at 2,000× g. Isolated nuclei were
washed with Nuclei Prep Buffer (Zymo Research). The prepared nuclei were treated with MN
Digestion buffer (Zymo research). The nuclei were digested with 1 U (final concentration of
0.004 U/μl) micrococcal nuclease (MNase, Zymo Research) for 30 min at room temperature.
The digestion was stopped by addition of 5× MN Stop Buffer (Zymo Research). Nucleosomal
DNA was purified by addition of DNA Binding Buffer (Zymo Research), and centrifuged with a
Zymo-spin IIC Column in a Collection Tube (Zymo Research). DNA was washed with DNA
Wash Buffer and eluted with warm DNA Elution Buffer (Zymo Resarch). Purified DNA was
run on a 2% agarose gel containing ethidium bromide and visualized under UV light. The mononucleosomal DNA (~150 bp band) was excised from the gel and purified with a gel purification
kit (Qiagen, Hilden, Germany).
Approximately 500 ng of MNase-digested mono-nucleosomal DNA from each sample
was used for Illumina library generation.

Library construction and deep sequencing were

performed by the Roy J. Carver Biotechnology Center at the University of Illinois at UrbanaChampaign using an Illumina HiSeq 2000 platform (Illumina, San Diego, CA). Raw data
comprised 100 bp of single-ended reads. Illumina sequencing reads were mapped to the rice
genome (MSU7) (Kawahara et al., 2013) using Bowtie (version 1.1.2) (Langmead et al., 2009)
and only uniquely mapped reads were considered for further analysis. Approximately 63 million
reads per sample (~15× coverage) were obtained. Correlations among mapped sequencing
samples were analyzed using DeepTools (Ramírez et al., 2016). Mapped reads were subject to
GC content bias correction as previously described (Benjamini and Speed, 2012; Ramírez et al.,
2016). Nucleosome positions were identified and analyzed using the dpos function of DANPOS
software with default settings for two sets of biological replicates (control and –Pi) (Chen et al.,
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2013). An FDR of 0.05 was used for dynamic nucleosome calling, except for position shift
where a range setting of 50-95 bp was used. Genome-wide nucleosome patterns were plotted
using DANPOS (Chen et al., 2013) or ngs.plot (Shen et al., 2014). Nucleosome occupancy were
determined as averaged reads per million mapped reads. IGV was used to visualize mapped
reads to the reference genome (Robinson et al., 2011). The genome annotation was obtained
from MSU Rice Genome Annotation Project website (http://rice.plantbiology.msu.edu/) and
parsing of dynamic nucleosome locations were performed using BedTools (version 2.26.0)
(Quinlan and Hall, 2010).
RNA-seq
The total RNA from plant tissues was extracted using an RNeasy Plant Mini Kit (Qiagen)
according to the manufacturer’s instructions. On-column DNase digestion was performed on the
extracted total RNA with an RNase-free DNase set (Qiagen) according to manufacturer’s
instructions to reduce DNA contamination. Approximately 2 μg of DNase-treated total RNA
from each sample was used for sequencing library construction.

For sequencing library

preparation, ribosomal RNA was removed with Ribo-ZeroTM rRNA Removal Kit (Plant) and the
remaining RNA was processed with the TruSeq Stranded mRNA library construction kit
(Illumina) starting at the fragment/elute step (no mRNA selection). Library construction and
deep sequencing were performed by the Roy J. Carver Biotechnology Center at the University of
Illinois at Urbana-Champaign using an Illumina HiSeq 2500 platform (Illumina). Raw data
comprised 100 bp of single-ended reads.
Ribosomal RNA reads were further removed by mapping sequencing reads to all known
rice

ribosomal

DNA

sequences

obtained

from

the

Oryza

repeat

database

(http://plantrepeats.plantbiology.msu.edu/index.html) using Bowtie (Langmead et al., 2009) with
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default settings, and reads that failed to align were kept. The remaining reads were then mapped
to the rice genome (MSU7) (Kawahara et al., 2013) using TopHat2 (Kim et al., 2013) with the
following settings: --b2-sensitive -g 1, allowing only one hit for each read. Approximately 97
million reads per sample were obtained. Correlations among mapped sequencing samples were
analyzed using DeepTools (Ramírez et al., 2016). Cufflinks (Trapnell et al., 2012) was used to
determine transcript abundance (FPKM) of each gene from two control replicates.
Results
Nucleosome patterns of different types of rice genes
To investigate the genome-wide nucleosome patterns in rice, I isolated rice nuclei from
shoots (green tissue of the plant) and performed micrococcal nuclease (MNase) digestion.
MNase-digested chromatin was run on a 2% agarose gel and the size of around 150 bp was
excised and subject to purification. The size-selected, gel-purified nucleosomal DNA was sent
for sequencing (MNase-seq) (Figure. 2.1).

Figure 2.1. Analysis of nucleosome patterns via MNase-seq. (A) Nuclei from 5-week-old rice
shoots were treated with MNase and the boxed region was purified for sequencing. (B) An
illustration of MNase-seq. Linker DNA were digested by MNase, but nucleosomal DNA were
protected by histones and thus represents the location of nucleosomes in the genome.
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We generated a total of four MNase-seq libraries including two biological replicates from
shoots of plants grown in full nutrient hydroponic solution for 5 weeks with an additional 24hour of growth in either full nutrient hydroponic solution (control replicate 1 and 2, C1 and C2)
or nutrient solution lacking phosphate (−Pi replicate 1 and 2, P1 and P2).

Single-ended

sequencing reads were mapped to Michigan State University rice genome annotation release 7
(MSU7) using Bowtie to allow unique mapping of each read (Langmead et al., 2009; Kawahara
et al., 2013) (Table 2.1).
Table 2.1. Summary of MNase-seq data. Coverage = (number of mapped reads × read length) /
total length of annotated rice genome (373,245,519) (Kawahara et al., 2013).
Sample name Read length (bp) Number of mapped reads Coverage
C1
100
50,609,088
13.6×
C2
100
69,001,067
18.5×
P1
100
55,539,463
14.9×
P2
100
79,571,427
21.3×
To examine the reproducibility of mapped reads, Spearman’s correlation coefficient
(SCC) of mapped read abundance at each genomic position was calculated between C1 and C2
(SCC=0.95) and P1 and P2 (SCC=0.96) (Figure 2.2A). Considering the high reproducibility of
mapped reads, we generated averaged profiles from two replicates for the ease of data
presentation but kept replicates separated for data analysis. To summarize nucleosome patterns
in rice genes, nuclear chromosomal genes were extracted from annotation records, and the
representative model (the most abundant splice variant) of the gene was kept, and this left a total
number of 55,801 records.

Each annotated record has the information for whether it is

‘expressed’ and if it is ‘TE (transposable element)’ according to the annotation (Kawahara et al.,
2013). With this information, I further divided all records into four categories: protein-coding
genes (PCG, n=36,378), transposable elements (TE, n=4,101), transposable element-related
genes (TEG, n=12,836), and pseudogenes (PSG, n=2,486) (Table 2.2).
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Figure 2.2. Reproducibility of MNase-seq and RNA-seq. C1, control replicate 1; C2, control
replicate 2; P1, −Pi replicate 1, P2, −Pi replicate 2. (A) Clustered heatmap of mapped MNaseseq samples with Spearman correlation coefficient (ρ). The distances among sample pairs are
determined as 1-ρ. (B) Clustered heatmap of mapped rmRNA-seq samples with Pearson
correlation coefficient (r). The distances among sample pairs are determined as 1-r.
Table 2.2. Classification of annotated rice genes. 55,801 representative models of rice genes
were further divided into four categories: PCG, TE, TEG and PSG.
TE (+)
TE (−)
Expressed (+) TEG (n=12,836) PCG (n=36,378)
TE (n=4,101)
PSG (n=2,486)
Expressed (−)
Averaged profiles for each category of gene were generated across the transcription start
site or the 5’ boundary of the element (TSS), transcription termination site or the 3’ boundary of
the element (TTS), and the gene body (GB, from TSS to TTS) using averaged control samples
(Figure 2.3). For PCG, we observed several distinct nucleosome pattern features: First, evenlyspaced nucleosome arrays were observed downstream of the transcription start site (TSS; Figure
2.3A); Second, a nucleosome-depleted region (NDR) was found immediately upstream of the
TSS (Figure 2.3A and C); Third, higher nucleosome occupancy was found immediately
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downstream of the TSS and upstream of the transcription termination site (TTS) as compared to
the remainder of the gene body (GB; Figure 2.3).

Figure 2.3. Nucleosome patterns in rice genes. Regions 1,000 bp upstream and downstream of
the transcription start site (TSS, or 5’ boundary of the element), transcription termination site
(TTS or 3’ boundary of the element), and gene body (GB, from TSS (5’ boundary) to TTS (3’
boundary) of a gene) were used to plot MNase-seq density under control conditions.
Nucleosome occupancy (y-axes) were determined as averaged reads per million mapped reads.
(A) MNase-seq density for all rice genes across the transcription start site (TSS) under control
conditions. PCG, protein-coding genes; TEG, transposable element-related genes; TE,
transposable elements; PSG, pseudogenes, annotated genes that are neither expressed nor
transposable elements. (B) Same analysis as (A) at the transcription termination site (TTS). (C)
Same analysis as (A) at gene body (GB).
In contrast to PCG, neither evenly-spaced nucleosome arrays downstream of the TSS nor
NDRs upstream of the TSS were found in the remaining three gene categories, indicating these
features are signatures of rice genes poised for transcription (Figure 2.3).

In addition,

nucleosome occupancy across genes were higher in PCG and PSG than in TE or TEG, indicating
27

repetitive elements are relatively depleted of nucleosomes, or could be due to the discarding of
reads mapped to multiple genomic locations during the mapping procedure.
We focused on PCG throughout this study to understand the functional impact of
nucleosome patterns in the genome. While investigating individual genes, we noticed some
genomic loci had exceptionally high nucleosome occupancy which could cause difficulties in
data interpretation, and we found that those loci were annotated with nuclear insertions of
organellar DNA (Figure 2.4).

We speculated that even with careful handling, there were

significant amounts of chloroplast DNA included in our nucleosomal DNA samples. Hence, I
searched for genes with annotated organellar insertion sites and found 278 such genes, and those
genes were excluded, leaving a total number of 36,100 PCG for downstream analysis.

Figure 2.4. An example of organellar insertions in genes. IGV visualization of mapped read
distribution on chromosome 12. The box in the top panel marks a window with high read
abundance. Zooming in on the window reveals five protein-coding genes with organellar
insertion sites.
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Dissection of nucleosome patterns upstream of the transcription start sites
The nucleosome pattern for rice PCG that we observed is similar to findings from other
studies, but highlights an apparent distinction among species—for example, evenly-spaced
nucleosome arrays were found upstream of the TSS in genome-wide studies of human (Valouev
et al., 2011) and yeast (Lee et al., 2007), but not in rice (Wu et al., 2014; Zhang et al., 2015 and
this study), Arabidopsis (Li et al., 2014; Liu et al., 2015), or Tetrahymena thermophila (Xiong et
al., 2016). This may result from differences in either MNase-digestion strength (Vera et al.,
2014), lengths of NDR regions and associated DNase I hypersensitivity sites (Wu et al., 2014),
or sample complexity due to combined cell types. We hypothesized that diverse nucleosome
patterns from subsets of genes were masking defined nucleosome arrays upstream of the TSS
when combined in the single PCG nucleosome profile (Figure 2.3A). Therefore, we analyzed
nucleosome occupancy and positioning of all PCG separately to search for evenly-spaced
nucleosome arrays.

Interestingly, we identified two major subsets of PCG that each had

nucleosome arrays not only downstream of the TSS but also upstream (Figure 2.5A).
These gene subsets had a well-defined −1 nucleosome (the first nucleosome upstream of
the TSS) at either −140 bp (n=7,270) or −250 bp (n=7,170) relative to the TSS, with phased
nucleosome arrays further upstream. The nucleosome arrays of these two groups of genes are
out of phase with each other and thus mimic “destructive wave interference” when combined
into a profile of all genes, masking the nucleosome peaks in the region upstream of the TSS
(Figure 2.3). Gene ontology (GO) term enrichment analysis (Du et al., 2010) of the two subsets
of genes did not yield any significantly enriched GO terms (false discovery rate (FDR) <0.05).
This indicated no obvious functional link among the genes in each group, but rather the
contribution of other determinants to the distinct nucleosome patterns.
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Figure 2.5. Genes with nucleosome arrays upstream of the transcription start sites. (A) MNaseseq density across the TSS of genes found to have -1 nucleosome at either −140 bp (7,270 genes)
or −250 bp (7,170 genes) relative to the TSS. (B) Same analysis as (A) with subsets of genes
filtered for ‘ideal’ genes at the TSS. (C) Same analysis as (A) with subsets of genes filtered for
‘non-ideal’ genes at the TSS.
To test whether these phased nucleosome arrays upstream of the TSS were caused by
nearby genes, I further divided the gene subsets into two categories: ‘non-ideal’ at the TSS (i.e.
genes with one or more TSS or TTS within the ± 1,000 bp TSS window other than itself), and
‘ideal’ at the TSS (the complement to ‘non-ideal’).

There was no major difference in

nucleosome arrays among subsets filtered for ‘ideal’ genes, subsets filtered for ‘non-ideal’ genes
and the original subsets, indicating that the phased nucleosome arrays upstream of the TSS were
free of the influence from nearby genes (Figure 2.5B and C).
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Nucleosome patterns are associated with GC content of genes
To search for factors that contribute to nucleosome profiles of rice genes, we investigated
GC content and transcription, which are known cis- and trans-determinants of nucleosome
occupancy. It is widely reported that GC- and AT-rich sequences favor and disfavor nucleosome
formation, respectively (Mavrich et al., 2008a; Mavrich et al., 2008b; Tillo and Hughes, 2009;
Valouev et al., 2011; Zhang et al., 2015; Xiong et al., 2016). However, a negative correlation
between GC content and nucleosome occupancy was shown in Arabidopsis and rice when
examining random fragments of genomic DNA (Liu et al., 2015), and few studies have examined
the correlation between GC content and nucleosome occupancy across the TSS. To investigate
GC content as a potential determinant of nucleosome occupancy in rice, we first plotted the GC
content distribution of all PCG across the TSS, which broadly showed a pattern similar to
nucleosome occupancy with a narrow trough immediately upstream of the TSS and a wide peak
downstream of the TSS (Figure 2.6A and C). Secondly, we plotted the GC content distribution
of the −140 and −250 gene subsets separately and observed opposing oscillations of GC content
upstream of the TSS, such that the GC content correlated with the position of the -1 nucleosome
(the first nucleosome peak upstream of the TSS) of each subset (−140 and −250 relative to the
TSS; Figure 2.6A and C). Both of the above analyses showed a positive correlation between GC
content and nucleosome occupancy across the TSS.
Next we sorted all PCG based on their GC content across the TSS, divided them into five
quintiles (1st with the lowest GC content and 5th with the highest), and plotted the corresponding
MNase-seq densities (Figure 2.7A). Interestingly, this analysis revealed a negative correlation
between GC content and nucleosome occupancy across the TSS. To uncouple the contribution
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of GC content from the TSS upstream and downstream regions, we generated another two sets of
quintiles sorted based on their GC content either 1,000 bp upstream or downstream of the TSS.

Figure 2.6. GC content distributions across genes. GC content of PCG and two subsets of PCG
(n=7,270 and n=7,170) at the TSS (A), TTS (B) and the gene body (C).
Both analyses yielded a similar negative correlation: genes with high GC content either
upstream or downstream of the TSS had lower nucleosome occupancy in the corresponding
region (Figure 2.7B and C). In addition, gene quintiles with an average of 48% (2nd quintile) to
53% (3rd quintile) GC content downstream of the TSS have the best nucleosome phasing (Figure
2D). This may reflect stronger periodicity of SS (G/C) and WW (A/T) dinucleotides within the
region, which would favor well-positioned nucleosomes (Zhang et al., 2015) and would yield
roughly equal GC and AT content overall. Together these results reveal that the correlation
between GC content and nucleosome occupancy in rice is complex, possibly due to GC content
acting as a cis-determinant, and also reflecting the involvement of other determinants, such as
gene expression.
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Figure 2.7. Correlations between GC content and nucleosome patterns. (A) MNase-seq density
of PCG grouped by their GC content across the TSS (± 1,000 bp TSS), 1st lowest, 5th highest. (B)
MNase-seq density of PCG grouped by their GC content at a window of 1,000 bp upstream of
the TSS, 1st lowest, 5th highest. (C) MNase-seq density of PCG grouped by their GC content at a
window of 1,000 bp downstream of the TSS, 1st lowest, 5th highest.
Nucleosome patterns are associated with gene expression levels
To elucidate the relationship between nucleosome patterns and gene expression in rice we
carried out RNA sequencing (RNA-seq) analysis of the same tissues used for the MNase-seq
experiments. Four RNA-seq libraries were generated consisting of two biological replicates for
control (C1 and C2) and −Pi (P1 and P2). We obtained on average 97 million uniquely mapped
reads for each library (Table 2.3). To assess the reproducibility of mapped RNA-seq reads, we
calculated Pearson’s correlation coefficient (PCC) of sequencing read abundance at each
genomic position between C1 and C2 (PCC=0.91) and P1 and P2 (PCC=0.97) (Figure 2.2B).
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Biological replicates from RNA sequencing were kept separated for data analysis. Using the
control samples, PCG were separated into five groups according to their expression levels (1st
quintile highest and 5th quintile lowest) as determined by their FPKM values (Trapnell et al.,
2012). The MNase-seq densities of genes grouped by their expression were plotted at the
window of ± 1,000 bp TSS (Figure 2.8A and B), ± 1,000 bp TTS (Figure 2.8C) and at the gene
body (Figure 2.8D). We found that highly expressed genes had wider NDRs upstream of the
TSS and had relatively lower nucleosome occupancy across the TSS than lower expressed genes.
Moreover, evenly-spaced nucleosome arrays were more evident in highly expressed genes.
These observations are consistent with previous studies on rice and Arabidopsis (Li et al., 2014;
Wu et al., 2014; Liu et al., 2015), and demonstrate that transcription is a strong determinant of
nucleosome patterning in rice.
Table 2.3. Summary of RNA-seq data.
Sample name Input reads Mapped reads Mapping rate
C1
109,975,468 100,928,054
91.8%
C2

101,746,188

95,469,826

93.8%

P1

104,338,118

96,639,613

92.6%

P2

101,964,123

94,335,655

92.5%

We observed a general negative correlation between nucleosome occupancy and gene
expression, especially across the TSS of the genes, and at the NDR (Figure 2.8A and B).
However, it is not clear to what extent nucleosome occupancy correlates with gene expression
quantitatively. To address this, I tried to build a regression model by correlating nucleosome
occupancy across the TSS and TTS of genes and gene expression levels. Previous studies have
reported a non-linear relationship between nucleosome occupancy and gene expression, and
different strategies have been used to normalize the RNA-seq FPKM values to fit in the linear
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regression model: log-transformation in Arabidopsis (Liu et al., 2015) and percentiletransformation in human (Ulz et al., 2016).

Figure 2.8. Correlations between nucleosome patterns and gene expression. (A) Heatmap of
MNase-seq density of PCG sorted by their expression level under control conditions from RNAseq analysis of the same tissue (1st highest, 5th lowest). The vertical line in the middle of the
heatmap indicates the TSS. (B) Average plot of the same data with genes grouped by their
expression levels. (C) Same analysis as (B) at the TTS. (D) Same analysis at the gene body.
To determine which strategy works best for my datasets, I plotted the regression
coefficient between nucleosome occupancy and gene expression surrounding the NDR using
both strategies and the un-transformed data set as control (‘linear’), which is the position where I
expected to observe the most significant correlation (Figure 2.8B). Again, to reduce the impact
of nearby genes on the modeling, ‘ideal’ genes were used across the TSS and the TTS. I
observed that the percentile-transformation worked better than log-transformation with a more
significant correlation coefficient at the NDR (Figure 2.9A). Hence, I chose to percentile35

transform FPKM values and fed those into the linear regression model together with the
nucleosome occupancy read counts in 100-bp binned windows across the TSS and TTS (Figure
2.9B and C).

Figure 2.9. Quantitative correlations between nucleosome occupancy and gene expression. (A)
Correlation coefficient between nucleosome occupancy and gene expression surrounding the
NDR. RNA-seq FPKM values were either kept as is (linear), log-transformed, or percentiletransformed. (B) Correlation coefficient between gene expression and nucleosome occupancy in
100-bp bins flanking the TSS. (C) Same analysis as (B) flanking the TTS.
The correlation coefficient between nucleosome occupancy and gene expression across
the TSS and TTS is negative (r<0), indicating that there was a negative correlation between the
two quantitatively (Figure 2.9B and C). In addition, the correlation was stronger towards the
TSS and the TTS, and the correlation at the NDR was the strongest, and the correlation at 500 bp
upstream of the TTS was the weakest (Figure 2.9B and C). Surprisingly, the correlation at the
strongly positioned +1 nucleosome was relatively weak, but followed by relatively strong
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correlations downstream of the +1 nucleosome further into the gene body, indicating the stability
of the +1 nucleosome during transcription (Figure 2.9B). These results suggest that nucleosome
occupancy alone can explain gene expression level to some extent, yet there are other factors
involved.
Nucleosome patterns are associated with alternative splicing and gene length
We next separated all PCGs into four groups based on their number of splice variants and
plotted their MNase-seq density across the TSS and TTS. Clearly, genes with only one splice
variant had higher nucleosome occupancy across the TSS except at the +1 nucleosome (the first
nucleosome downstream of the TSS) and had weaker nucleosome phasing downstream of the
TSS compared with genes that have more splice variants (Figure 2.10A), but no particular
correlation was observed at the TTS (Figure 2.10B).

Studies have shown that there is a

correlation between gene length and gene expression (Yang, 2009; Grishkevich and Yanai, 2014),
and since we observed a correlation between nucleosome patterns and gene expression, we next
investigated the potential correlation between nucleosome patterns and gene length.
All PCGs were separated based on their length (from TSS to TTS, 1st longest, 5th shortest)
and MNase-seq density was plotted ± 1,000 bp TSS. Longer genes had lower nucleosome
occupancy across the TSS than shorter genes (Figure 2.10C), however we observed the opposite
pattern at the TTS where longer genes had higher nucleosome occupancy (Figure 2.10D).
Increasing gene length is associated with higher nucleosome occupancy across the TSS and less
evident 5’ NDR and the +1 nucleosome, which are the signatures of highly expressed genes.
Indeed, we found a positive correlation between gene length and gene expression in rice
(SCC=0.23).
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Nucleosome patterns are linked to gene functions
Experiments described above indicate a contribution of both cis- and trans-determinants
to nucleosome patterning in rice. To further explore distinct nucleosome patterns across the TSS
and their possible correlation with gene function, we performed k-means clustering of MNaseseq profiles ± 500 bp TSS of PCG.

Figure 2.10. Correlations between nucleosome patterns and alternative splicing and gene length.
(A) MNase-seq density at the TSS of PCG grouped by their number of splice variants, Group_1:
1 variant, Gourp_2: 2 variants, Group_3: 3 variants, Group_4: ≥4 variants. (B) Same analysis
as (A) at the TTS. (C) MNase-seq density of PCG grouped by their length (from the TSS to the
TTS, 1st longest, 5th shortest). (D) Same analysis as (C) at the TTS.
Six clusters (A through F) of genes with distinct nucleosome patterns across the TSS
were evident (Figure 2.11A). GO term enrichment analysis (Du et al., 2010) revealed that each
of the six clusters had enriched GO terms. Interestingly, the clusters fell into two contrasting
groups based on shared similar GO terms. Genes of clusters A, B, and C (type I, n=15,400) were
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enriched in GO terms related to key biological processes, whereas clusters D, E, and F (type II,
n=20,700) were enriched in stress-related GO terms (Figure 2.12). Hence, we termed type I
genes “housekeeping” and type II genes “stress-responsive”. Consistent with a housekeeping
role, type I genes had on average significantly higher expression levels than type II genes under
control conditions (type I average FPKM=22.47, type II average FPKM=12.71, p<2.2×10-16,
Mann-Whitney U test). In addition, comparison of our type I housekeeping gene group with a
housekeeping gene list identified by a previous study (Chandran et al., 2016) based on consistent
expression in multiple cell or tissue types, found that approximately 80% (3,279/4,243) of these
previously reported housekeeping genes were included in our type I gene group.
Because studies have shown that the TATA box in the promoter region is associated with
stress-responsive genes in yeast (Basehoar et al., 2004), we tested whether our type II stressresponsive gene group was enriched with genes containing a TATA box.

We searched

promoters of rice genes for the TATA consensus sequence (CTATAWAWA) previously
reported (Civan and Svec, 2009). Indeed, we found that type II genes were more likely to
contain a TATA box within 50 bp upstream of the TSS than type I genes (2.6 fold, p=6.90×10-13,
Fisher’s exact test). Moreover, an average profile on type II genes across the TSS showed an
evident −1 nucleosome where an NDR was found in type I genes (Figure 2.11B), and genes with
a TATA box within 50 bp upstream of the TSS (n=1,093) had a −1 nucleosome at the same
region (Figure 2.11C). Together these results indicate that nucleosome patterns across the TSS
are suggestive of gene function.
Discussion
We found higher nucleosome occupancy surrounding the TSS and the TTS compared to
the gene body suggesting the role of chromatin organization in defining the initiation and
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termination of transcription (Figure 2.3). The presence of evenly-spaced nucleosome arrays
downstream of the TSS and NDRs immediately upstream of the TSS at PCG further indicates the
impact of chromatin organization on transcriptional activities (Figure 2.3A).

Figure 2.11. Clustering of genes based on nucleosome patterns across the TSS. (A) k-means
clustering of nucleosome patterns ± 500 bp TSS of rice genes under control conditions. Right,
individual heatmap profiles for gene clusters A−F at the TSS. (B) Average profiles for gene
clusters ABC (type I gene) and DEF (type II gene) at the TSS. (C) MNase-seq density across the
TSS of genes that contain TATA box under control (Ctrl) and −Pi conditions (n=1,093).
The nucleosome patterns we found in rice genes were largely consistent with patterns in
yeast and human (Lee et al., 2007; Valouev et al., 2011), but as with Arabidopsis, rice genes
lacked evenly-spaced nucleosome arrays upstream of the TSS (Figure 2.3A). Studies on yeast
and human used single cell types but studies on Arabidopsis and rice, including this study, used
homogenized plant tissues consisting of multiple cell types that could contribute to the
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heterogeneity of nucleosome patterns in the promoter region due to tissue-specific expression
differences.

Figure 2.12. Significantly enriched GO terms for clusters ABC (type I gene) and DEF (type II
gene). The color of the node represents the corrected p-value with a color scale ranging from
yellow (corrected p-value=0.05) to dark orange (corrected p-value= 5×10-7).
However, a genome-wide study on the single-celled protozoan Tetrahymena thermophila
also showed nucleosome phasing downstream but not upstream of the TSS (Xiong et al., 2016).
This result is possibly due to cell-to-cell differences within the same T. thermophilia culture,
since studies on single-cell nucleosome mapping in yeast showed that different cells in the same
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yeast culture possessed different nucleosome patterns in the promoter region (Small et al., 2014).
Another explanation is that that since the plant and T. thermophila genomes contain larger
numbers of genes compared to yeast and human, they may contain greater variability in
nucleosome patterns at the promoter region which interferes with the detection of nucleosome
arrays. The variable length of DHS was shown to mask the detection of nucleosome arrays
upstream of the TSS in rice (Wu et al., 2014). We identified two subsets of genes that had
evenly-spaced nucleosome arrays upstream of the TSS and the nucleosome arrays were canceled
out while an average profile was plotted suggesting nucleosome patterns at individual genes may
differ from stereotypical averaged profiles (Figure 2.5). Nonetheless, the arrays downstream of
the TSS were “in phase” in both subsets of genes indicating the role of coding sequence
characteristics and transcription activities in establishing nucleosome arrays.
Positions of nucleosomes in the genome are not random but rather are controlled by the
combination of both cis- and trans-determinants. We observed lower nucleosome occupancy at
relatively highly expressed genes, and more highly expressed genes had larger distance between
the TSS and the +1 nucleosome (the first nucleosome peak downstream of the TSS) with a wider
5’ NDR (Figure 2.8A and B). These observations agree with previous findings in Arabidopsis
and rice, reflecting the correlation between open chromatin architecture and transcription (Li et
al., 2014; Wu et al., 2014; Liu et al., 2015). The positive correlation between gene length and
gene expression we observed in rice agrees with the findings in plants but contradicts the
findings in animals that highly expressed genes have shorter primary transcripts (Ren et al., 2006)
reflecting different evolutionary divergence paths in plants and animals. It has been widely
reported that GC- and AT-rich sequences favor and disfavor nucleosome formation, respectively
(Tillo and Hughes, 2009).

Indeed, enriched SS (G/C) dinucleotides in the cores of well-
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positioned nucleosomes and enriched WW (A/T) dinucleotides in nucleosome flanking
sequences has been observed for yeast (Mavrich et al., 2008a), Drosophila (Mavrich et al.,
2008b), human (Valouev et al., 2011), rice (Zhang et al., 2015), and T. thermophila (Xiong et al.,
2016).

However, seemingly contradictory correlations among GC content and nucleosome

occupancy have been observed. For example, the GC content of randomly selected genomic
fragments of yeast and human are positively correlated with nucleosome occupancy, whereas a
negative correlation is observed for rice and Arabidopsis (Wang et al., 2012; Liu et al., 2015).
Also, GC content has a negative correlation with nucleosome occupancy at predicted
transcription factor binding sites in human and rice (Wang et al., 2012; Liu et al., 2015). Herein,
we compared the relationship between nucleosome occupancy and GC content in several ways.
First we mapped GC content distribution across the TSS, which correlated with nucleosome
occupancy on a “macro” level: relatively low levels upstream of the TSS and higher levels
downstream (Figure 2.6). By comparing the -140 and -250 gene subsets, we also showed a
positive correlation on a “micro” level: peaks of GC% overlapped with the positions of the
corresponding -1 nucleosome peaks (Figure 2.6A). These observations are consistent with GCrich sequences favoring nucleosome occupancy. However, grouping PCG into GC quintiles
showed an obvious negative correlation across the TSS, particularly in the downstream region
(Figure 2.7C).

Together these results support the hypothesis that GC content intrinsically

influences nucleosome occupancy, but that other determinants including transcription contribute
to nucleosome occupancy. We also observed that genes with on average 48% to 53% of GC
content downstream of the TSS have better nucleosome phasing, suggesting the influence of GC
content on nucleosome phasing downstream of the TSS (Figure 2.7C). Future studies on DNA
sequence arrangement at positioned nucleosomes within different regions of rice genes may
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reveal how DNA sequence (content and arrangement) affects genome-wide nucleosome
positioning.
Distinct nucleosome patterns across the TSS of rice genes make it possible to categorize
genes based on their nucleosome patterns across the TSS. We show two groups of rice genes
(type I and type II) clustered by their distinct nucleosome patterns across the TSS with distinct
gene functions (Figure 2.11). Type I genes have wide 5’ NDRs correlating with relatively high
transcription rates as housekeeping genes, whereas type II stress-responsive genes have
nucleosomes positioned on either side of the TSS which may create obstacles for transcription
machinery as well as serving as the landmarks for TF and chromatin remodelers to recognize
under induced conditions.

Nucleosome patterns show strong correlations with the above-

discussed gene characteristics, suggesting the possibility of inferring such characteristics (e.g.
expression and function) from the associated nucleosome patterns. Indeed, we demonstrated that
nucleosome occupancy alone can explain transcription activities to some extent in rice (Figure
2.9), and recent studies have shown promising results on predicting tumor gene expression and
tissue of origin from nucleosome patterns of cell-free DNA in human plasma (Snyder et al., 2016;
Ulz et al., 2016). Together, our findings support a conserved correlation between nucleosome
patterns and gene characteristics in eukaryotes, which could benefit the agricultural and medical
communities in the near future.
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CHAPTER 3. THE IMPACT OF PHOSPHATE STARVATION ON
NUCLEOSOME PATTERNS AND GENE EXPRESSION IN RICE 2
Introduction
In budding yeast (Saccharomyces cerevisiae), a combination of transcriptional regulators
and downstream targets comprising the PHO regulon modulate adaptive responses to deficiency
of inorganic phosphate (Pi), a primary source of P (Secco et al., 2012). Early studies examining
the role of chromatin structure in transcriptional regulation showed that nucleosome remodeling
also plays a role in modulating PHO regulon genes. Specifically, nucleosomes are evicted to
expose the promoter region of the yeast PHO5 secreted acid phosphatase gene in response to
low-Pi conditions (Almer et al., 1986; Barbaric et al., 2007). More recent genome-wide studies
on the remodeling of primary chromatin structure in response to environmental perturbation in
yeast have shown a connection between global nucleosome dynamics and transcription activities
(Shivaswamy et al., 2008; Huebert et al., 2012).
As sessile organisms, plants constantly encounter environmental challenges and must
shape themselves for adaptation. Many studies have been carried out to investigate Pi starvation
responses (PSRs) in plants. These studies have identified morphological and physiological
responses aimed at enhancing Pi acquisition and recycling, as well as key regulators of these
responses (Rouached et al., 2010; Hu and Chu, 2011; Wu et al., 2013; Wang et al., 2014).
Transcript profiling studies have shown that transcriptional regulation plays an important role in
modulating PSRs (Wu et al., 2003; Zheng et al., 2009; Secco et al., 2013; Secco et al., 2015), and
emerging data from our laboratory and others are indicating that chromatin-level mechanisms are
also involved in regulating PSRs (Smith et al., 2010; Iglesias et al., 2013; Kuo et al., 2014).
Portions of this chapter previously appeared as Zhang, Q., Oh, D.H., DiTusa, S.F., RamanaRao,
M.V., Baisakh, N., Dassanayake, M., and Smith, A.P. (2018). Rice nucleosome patterns undergo
remodeling coincident with stress-induced gene expression. BMC Genomics 19, 97.
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Questions remain on how environmental perturbation affects nucleosome dynamics and the
extent to which nucleosome remodeling is linked to changes in gene expression in plants or other
systems. Here, we demonstrate the impact of Pi starvation on nucleosome patterns in rice and
examined transcription activities by deep sequencing of ribosomal RNA-depleted RNA followed
by quantification of intronic transcript abundance. By integrating information obtained from
these assays, we reveal a significant correlation between nucleosome dynamics and changes in
gene expression in response to limitation of a major essential nutrient.
Materials and Methods
Plant material and growth conditions
Plant material and growth conditions were the same as described in Chapter 2. For
nutrient treatment, seedlings were transferred to fresh half-strength Hoagland’s or the same
media lacking phosphorus (KH2PO4) for 24 hours.
MNase-seq
MNase-seq experiments were carried out the as described in Chapter 2.
RNA-seq
The experimental procedures of RNA-seq were the same as described in Chapter 2.
Differential expression of biological replicates between control and –Pi were determined by the
iRNAseq pipeline (Madsen et al., 2015) based on the sequencing reads abundance at the introns
with default settings. Records from the output file ‘introns.txt’ of the iRNA-seq pipeline was
filtered for adjusted p-value (Padj)<0.05, and then genes with positive log2_FC were determined
as up-regulated, and genes with negative values were determined as down-regulated. GO term
enrichment analysis were performed using AgriGO with default settings (Du et al., 2010).
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Quantification of total phosphorus (P) and inorganic phosphate (Pi)
Plant tissues were rinsed thoroughly in distilled water before analyses. Quantification of
total phosphorus was conducted by an acid digestion method as described previously (Jones,
2001). Briefly, 0.5 g of the dried leaf and root tissues were digested with 5.0 mL of concentrated
HNO3 in a heat block at 125 °C for 2.5 h followed by repeated addition of 3 mL 30% H2O2 until
the digest was clear. The temperature of the heat block was reduced to 80 °C for the residue to
dry. Colorless dry residue was dissolved in 20 mL deionized water and analyzed by inductively
coupled plasma emission spectroscopy (ICP) using (NH4)2HPO4 as the standard in the LSU Soil
Testing & Plant Analysis Laboratory.
Quantification of inorganic phosphate (Pi) was conducted by grinding plant tissue in
liquid nitrogen and dissolving in distilled water. Pi was quantified by the molybdate assay
(Ames, 1966), and a standard curve was generated using KH2PO4.
Results
Pi starvation induces large-scale nucleosome dynamics
To assess the impact of environmental perturbation on nucleosome patterns, we
compared the nucleosome profiles identified in control shoot tissues with those in shoots
harvested from plants subjected to a 24-hour Pi starvation treatment.

We measured total

phosphorus and inorganic phosphate concentrations in rice seedlings from control and –Pi
treatments prior to nucleosome and transcription profiling. Shoot P concentrations significantly
decreased (p<0.01, t-test) while the root P concentrations remained similar to that of the control
(p>0.05, t-test) after 24 hours of Pi starvation (Figure 3.1A and B). In contrast, Pi concentration
in shoots was unchanged (p>0.05, t-test) while the root Pi concentration decreased (p<0.05, t-test)
after 24 hours of Pi starvation (Figure 3.1C and D). These changes in Pi concentrations after 24
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hours of Pi starvation agree with a previous study which reflects the initiation of Pi starvation in
rice seedlings (Secco et al., 2013).

Figure 3.1. Changes of total phosphorus and inorganic phosphate concentrations in response to
phosphate starvation. All values are the mean ± standard error of the mean; n=3 biological
replicates with 3 technical repeats each. DW, dry weight; FW, fresh weight. (A) Total
phosphorus (P) concentrations for shoots of 5-week-old seedlings grown under full nutrient (Ctrl)
and Pi-starvation (−Pi) conditions. (B) Total P concentrations for roots of 5-week-old seedlings
grown under full nutrient (Ctrl) and Pi-starvation (−Pi) conditions. (C) Inorganic phosphate (Pi)
concentrations for shoots of 5-week-old seedlings grown under full nutrient (Ctrl) and Pistarvation (−Pi) conditions. (D) Pi concentrations for roots of 5-week-old seedlings grown under
full nutrient (Ctrl) and Pi-starvation (−Pi) conditions.
To investigate the impact of Pi starvation on genome-wide nucleosome patterns, we
compared MNase-seq results from control and –Pi samples. We first examined nucleosome
patterns across the TSS of genes. We found that nucleosome phasing remained largely the same
between the control and –Pi samples, whereas –Pi samples had higher nucleosome occupancy
1,000 bp upstream of the TSS (p<2.2×10-16, Wilcoxon signed-rank test) but lower nucleosome
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occupancy 1,000 bp downstream of the TSS (p<2.2×10-16, Wilcoxon signed-rank test) as
compared to control samples (Figure 3.2A and C). This raised the question of whether Pi
starvation decreased nucleosome occupancy in coding regions but increased nucleosome
occupancy in non-coding regions. To address this, we examined nucleosome occupancy changes
in exons of genes under Pi starvation.

Since longer exons allow the occupancy of more

nucleosomes, we separated exons according to length: 170−240 bp, 315−350 bp, 480−550 bp,
and 645−715 bp, which allows for the occupancy of one, two, three or four nucleosomes,
respectively (Chodavarapu et al., 2010). Both the control and –Pi samples showed strong
nucleosome peaks and NDRs that marked intron-exon and exon-intron junctions (Figure 3.3).
However, nucleosome occupancy was lower in exons and greater in introns of –Pi samples
relative to the control samples (Figure 3.3), further supporting a major “redistribution” of
nucleosomes from coding regions to non-coding regions in response to Pi starvation. A notable
exception was at the TTS of PCG, at which the –Pi samples contained greater nucleosome
occupancy relative to the controls (Figure 3.2B).

Figure 3.2. Changes in nucleosome patterns in response to phosphate starvation. (A) MNase-seq
density across the TSS from 24-hour control and −Pi rice shoot tissues. (B) Same analysis as (A)
across the TTS. (C) Same analysis as (A) at the GB.
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Figure 3.3. Changes in nucleosome occupancy at the exons of rice genes in response to
phosphate starvation. MNase-seq density of exons grouped according to their length: (A)
170−240 bp; (B) 315−350 bp; (C) 480−550 bp (D) 645−715 bp under control and −Pi conditions.
Plots are centered at the 5’ boundaries of the exons.
To better illustrate nucleosome dynamics in response to Pi starvation, we employed
DANPOS, which defines accurate nucleosome maps and detects dynamic nucleosomes between
samples (Chen et al., 2013). This analysis revealed a substantial impact of Pi starvation on
nucleosome occupancy and positioning. Using the nucleosome profile from control samples as a
baseline, DANPOS identified 313,769 dynamic nucleosomes with either a position shift (range:
50-95 bp), occupancy change (FDR<0.05), or fuzziness change (FDR<0.05) associated with Pi
starvation from two biological replicates (Figure 3.4A). We analyzed the locations of the
dynamic nucleosomes in the rice genome and found they were widely distributed in gene-related
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regions (1,000 bp upstream of the TSS to 200 bp downstream of the TTS), and a large number of
dynamic nucleosomes were mapped within 200 bp upstream of the TSS, 5’-UTR and exons
(Figure 3.4B).

Figure 3.4. Nucleosome dynamics detected by DANPOS in response to Pi starvation. (A) Three
types of nucleosome dynamics identified by DANPOS: position shift (range: 50-95 bp),
occupancy change (FDR<0.05) and fuzziness change (FDR<0.05). Each averaged MNase-seq
density graph is centered at the dyad of nucleosome that is found to house the change. (B)
Number of different types of dynamic nucleosomes per kilo base (kb) per 100 nucleosomes
called by DANPOS at the promoter (500−1,000 bp upstream of the TSS, 200−500 bp upstream
of the TSS and 200 bp upstream of the TSS), intragenic (5’UTR, exons, introns and 3’UTR), 200
bp downstream of the TTS, and intergenic regions.
Nucleosome dynamics are enriched at differentially expressed genes
The significant negative correlation between NDR nucleosome occupancy and gene
expression (Figure 2.9) renders a question of whether the changes in NDR nucleosome
occupancy correlate with changes in gene expression. To address this, I plotted the log2-fold
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changes of NDR occupancy against the FPKM log2-fold changes of the corresponding gene in
response to Pi starvation (Figure 3.5).

Figure 3.5. Correlation between NDR occupancy changes and FPKM changes. Log2-fold
changes in NDR occupancy (log2(NFR_RPM_FC), y-axis) were plotted against the log2-fold
changes in FPKM values (log2(FPKM_FC), x-axis) of the corresponding gene in response to Pi
starvation. Quadrant I: false positives; II: true positives; III: true negatives; IV: false negatives.
The plots showed that there is no direct correlation between changes in NDR occupancy
and differential gene expression (r2=0.002).

To evaluate to what extent changes in NDR

occupancy could explain differential gene expression, I classified genes based on their NDR
occupancy and FPKM behaviors (Figure 3.5 and Table 3.1). I found that the model had a
sensitivity value of 0.55 (II/(II+IV)) and a specificity value of 0.42 (III/(III+I)). Those results
suggest that NDR occupancy alone cannot explain differential gene expression in rice. It is
possible, however, adding one or more biological observations (e.g. nucleosome occupancy
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across the TSS) to the model can increase the sensitivity and specificity in explaining differential
gene expression as described in humans (Ulz et al., 2016).
Table 3.1. Summary of genes with NDR occupancy changes and FPKM changes.
Number of genes NDR_Occupancy_Increase NDR_Occupancy_Decrease
4,969 (true positive), II
FPKM_Increase 7,409 (false positive), I
3,989 (false negative), IV
FPKM_Decrease 5,280 (true negative), III
Our RNA sequencing libraries were prepared from total RNA depleted of ribosomal
RNA, and quantification and comparison of intronic reads enabled us to more accurately capture
changes in transcriptional activities than steady-state transcript levels inferred from conventional
RNA-seq.

We employed the iRNA-seq pipeline, which was demonstrated to perform at

comparable qualities as global run-on (GRO)-seq and RNA polymerase II (RNAP II) ChIP-seq
in determining genome-wide changes in transcriptional activities (Madsen et al., 2015). Using
RNA-seq libraries from two biological replicates of control and –Pi samples, the iRNA-seq
pipeline identified 134 up-regulated and 691 down-regulated genes (padj<0.05) in response to
24-hour Pi starvation in rice.
To investigate the correlation between transcriptional changes and nucleosome dynamics,
we searched for differentially expressed (either up- or down-regulated) genes (DEGs) in which
dynamic nucleosomes were present. We found that approximately 60%, 20%, and 50% of the
DEGs were associated with nucleosome position shift, occupancy change, and fuzziness change
respectively, within gene-related regions. These observed proportions were significantly higher
than the same number of randomly selected genes as DEGs (p<2.2×10-16, binomial test, with
10,000 iterations, Figure 3.6A and B). Altogether, 130 out of 134 up-regulated genes and 678
out of 691 down-regulated genes were found to contain dynamic nucleosomes, suggesting a
strong correlation between transcriptional changes and nucleosome dynamics in response to Pi
starvation in rice.
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Figure 3.6. Changes in nucleosome patterns correlates with changes in transcription activities in
response to phosphate starvation. (A) Percentage of 134 up-regulated genes (DEG_Up) called
by iRNA-seq associated with dynamic nucleosomes called by DANPOS. Randomly selected
(10,000 times) genes with the same size of DEGs were used as a control, and values are mean ±
standard deviation. Pos_sft_5_3: 5’-3’ position shift; Pos_sft_3_5: 3’-5’ position shift;
Occu_increase: increase in nucleosome occupancy; Occu_decrease: decrease in nucleosome
occupancy; Fuz_increase: increase in nucleosome fuzziness; Fuz_decrease: decrease in
nucleosome fuzziness. (B) Same analysis as (A) with 691 down-regulated genes (DEG_Dn). (C)
AgriGO representation of the overrepresented Gene Ontology (GO) terms in the 130 genes upregulated by 24 hours of Pi starvation in the shoots via iRNA-seq associated with dynamic
nucleosomes. Number in parenthesis represents the FDR value. (D) Same analysis as (C) with
678 down-regulated genes associated with dynamic nucleosomes.
To better understand the roles of nucleosome dynamics and transcriptional changes in
rice PSR, we sought functional information for the genes that exhibited changes in expression
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and nucleosome dynamics in response to Pi starvation. We first examined whether these genes
were biased for type I (housekeeping) or type II (stress-responsive) genes. We found that both
DEGs and genes with dynamic nucleosomes had higher overlaps with type II genes than type I
genes (1.9 fold, p=1.73×10-3 and 1.8 fold, p=2.19×10-3 respectively, Fisher’s exact test). Next
we carried out GO term enrichment analysis on DEGs associated with dynamic nucleosomes.
Up-regulated genes with nucleosome dynamics were involved in photosynthesis (GO:0015979,
FDR=2.09×10-4) whereas down-regulated genes containing dynamic nucleosomes were enriched
in GO terms including cell cycle (GO:0004079, FDR=8.01×10-5) and cell wall (GO:0005618,
FDR=4.51×10-8) (Figure 3.6C and D). These results support a modulation of photosynthesis and
growth in rice shoots in response to Pi starvation through changes in gene expression that are
linked to corresponding changes in nucleosome positioning and occupancy.
Nucleosome dynamics at cis-regulatory elements
In yeast, nucleosome remodeling is necessary for full induction of several yeast PHO
regulon genes, which are activated in response to Pi deficiency (Barbaric et al., 2007; Wippo et
al., 2009). For example, in the case of the yeast PHO5 acid phosphatase gene, a nucleosome
blocks a promoter binding site of the Pho4 transcriptional activator under Pi-replete conditions,
repressing PHO5 transcription. Upon Pi deficiency, nucleosome remodeling exposes the ciselement making it accessible to Pho4, which then initiates PHO5 transcription (Barbaric et al.,
2007). In rice, the OsPHR2 transcription factor induces expression of numerous Pi-related genes
in response to Pi starvation by binding to the P1BS cis-element (consensus sequence
GNATATNC) (Zhou et al., 2008).
To investigate the possible nucleosome dynamics at the P1BS element in response to 24hours of Pi starvation, we compared nucleosome occupancy between control and –Pi samples at
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occurrences of the P1BS motif found within 500 bp upstream of the TSS.

Nucleosome

occupancy was higher in the –Pi samples near the center of the P1BS motif (± 250 bp) as
compared to the control samples (p=1.58×10-9, Wilcoxon signed-rank test, Figure 3.7A). To
examine the specificity of nucleosome dynamics at the P1BS motif in response to Pi starvation,
we also compared nucleosome occupancy centered at the G-box (CACGTG) found within 500
bp upstream of the TSS, which is a known cis-element that regulates jasmonic acid (JA)responsive gene expression (Zhang et al., 2015), and we also observed increased nucleosome
occupancy at the G-box motif in the –Pi samples (p=5.80×10-10, Wilcoxon signed-rank test,
Figure 3.7B). Moreover, nucleosome occupancy centered at both elements found within 500 bp
downstream of the TSS were lower in the –Pi samples than the control samples (p≤6.19×10-9,
Wilcoxon signed-rank test, Figure 3.7C and D).
These results indicate that the nucleosome dynamics we observed at the P1BS motif may
not be unique to Pi starvation but rather were the results of a broad effect of higher nucleosome
occupancy upstream of the TSS and lower nucleosome occupancy downstream of the TSS
caused by Pi starvation (Figure 3.2A and C). We further plotted MNase-seq density of regions
centered at TATA box and Y-patch (consensus sequence CYTCYYCCYC), a core promoter
element in rice genes (Civan and Svec, 2009), and found all TF binding sites including P1BS
were depleted of nucleosomes compared with surrounding regions while strong nucleosome
peaks were found on the boundaries of binding sites regardless of Pi starvation (Figure 3.7A, E,
and F).
Discussion
Our work revealed changes in nucleosome patterns and transcription activities in
response to 24 hours of Pi starvation and their correlations in rice. Genome-wide studies in yeast
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showed dynamic relationships among nucleosome patterns, gene expression and TF binding
responding to heat shock and oxidative stress (Shivaswamy et al., 2008; Huebert et al., 2012).

Figure 3.7. Changes in nucleosome occupancy at cis-elements in response to phosphate
starvation. MNase-seq density of (A) P1BS within 500 bp upstream of the TSS; (B) G-box
within 500 bp upstream of the TSS; (C) P1BS within 500 up downstream of the TSS; (D) G-box
within 500 bp downstream of the TSS; (E) TATA box; (F) Y-patch. Plots are centered at the
sequence of interest under control (Ctrl) and −Pi conditions.
In Arabidopsis, 1-hour of coronatine (COR, a phytotoxin that mimics a precursor of
jasmonic acid (JA) which is involved in defense-related stress responses) treatment was shown to
trigger changes in transcript abundance, but differential gene expression changes were not
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correlated with nucleosome occupancy changes in genes (Liu et al., 2015). Our data show that
24 hours of Pi starvation induces genome-wide nucleosome reorganization, especially at the
regions surrounding the TSS and the coding sequence (Figures 3.2-3.4), and we found a strong
correlation between nucleosome dynamics at genes and transcriptional changes (Figure 3.6A and
B).
Among the three types of nucleosome dynamics (position shift, occupancy change and
fuzziness change), we found that position shift and fuzziness are more relevant to DEGs by Pi
starvation than occupancy change (Figure 3.6A and B), indicating specificity of nucleosome
dynamics and its association with biological functions, as demonstrated in yeast previously
(Chen et al., 2013). Histone variants H2A.Z and H3.3, and acetylated and methylated histones
are usually enriched in the +1 nucleosome and contribute to the flexibility of nucleosome
occupancy which assists nucleosome eviction and assembly of the pre-initiation complex (Jiang
and Pugh, 2009). H2A.Z deposition at PSR genes was shown to be correlated with Pi starvation
responses in Arabidopsis (Smith et al., 2010).

Our observation of enriched nucleosome

dynamics across the TSS during Pi starvation may reflect the replacement of canonical histones
with variants such as H2A.Z as well as post-translational modifications of histones at the TSS
(Figures 3.2A and 3.4B).
Unlike previous studies in yeast and Arabidopsis, we employed iRNA-seq on ribosomedepleted total RNA to capture changes in nascent RNA transcript instead of quantification of
steady-state RNA transcript in response to an environmental perturbation, improving the
identification of DEGs that are specific to the treatment. With 24 hours of Pi starvation,
photosynthesis was up-regulated while cell cycle and cell wall synthesis were down-regulated
(Figure 3.6C and D). These observations are consistent with a recent study on Pi starvation in
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the dinoflagellate Amphidinium carterae, which showed decreased cell division in response to Pi
starvation, but continued photosynthetic capability (Li et al., 2016). We propose a similar
adaptation strategy carried out by rice in response to short-to-medium term Pi starvation, which
includes enhancing photosynthesis to accumulate energy, and reducing DNA replication, cell
division, and cell wall expansion to minimize Pi usage. In Arabidopsis, the DNA element G-box
plays a role in regulating JA-responsive gene expression, and it was shown that nucleosomes
were depleted at this element regardless of COR treatment, which mimics JA responses (Liu et
al., 2015). We show similar patterns at the rice core promoter elements TATA box and Y-patch,
as well as P1BS; that nucleosomes were depleted at those elements regardless of Pi starvation
(Figure 3.7A, E, and F). This may result from constant binding of trans-acting factors to assist a
rapid transcriptional change in response to stress.

We observed a significant drop in Pi

concentration after 24 hours of Pi starvation in the roots (Figure 3.1D), and future nucleosome
and transcription profiling studies could include roots where Pi is sensed and acquired. We
anticipate that monitoring nucleosome dynamics with transcriptional changes at multiple time
points of Pi starvation with Pi re-supply in a single cell of multiple plant cell types, and
identification of PSR-related chromatin remodelers could broaden the understanding on PSR in
rice and eventually provide useful resources for the agricultural community.
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CHAPTER 4. CONCLUSIONS
The packaging of eukaryotic genomes into nucleosomes has an impact on every
biological process involving DNA. Recent advances in genome sequencing technology make it
possible to map nucleosomes at a high resolution, as well as to study the correlation among DNA
sequence, nucleosome formation, chromatin remodeling and transcription. Just like beads on a
string, a strongly positioned nucleosome and other DNA-binding proteins limits the possibilities
of nucleosome positioning around them, acting as a barrier and creating decaying nucleosome
arrays from the barrier. The most obvious barrier of nucleosome positioning in the eukaryotic
genome is the nucleosome depleted region (NDR) near the transcription start site (TSS), where
nucleosome arrays are formed on either side.

We found that the loss of evenly-spaced

nucleosome arrays upstream of the TSS was due to gene-to-gene differences in nucleosome
positioning, and further studies can be carried out to study tissue-specific and even cell-to-cell
variances.
It is unclear that how tissue-specific expression and gene-to-gene differences could
contribute to the variance of nucleosome arrays upstream of the TSS. Through tissue-specific
transcript profiling, tissue-specific expressed genes can be identified and the nucleosome patterns
upstream of the TSS of those genes could be determined. Gene-to-gene differences can be
analyzed similarly as the analysis of cis- and trans- determinants of nucleosome patterns: First, I
could analyze the exact DNA sequence composition, specifically the oscillations of WW/SS
dinucleotides at the nucleosome peaks of the two groups of genes that had out-of-phase
nucleosome arrays upstream of the TSS. If the out-of-phase nucleosome arrays were caused by
DNA sequence differences, I should observe the corresponding oscillations of WW/SS
dinucleotides within the arrays. In addition, I could look into the DNA sequence arrangement at
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the NDR of the two groups of genes, and I could further identify putative transcription factor
binding sites at those NDR that are responsible for the tissue-specific expression. Second, a
wider NDR at the TSS may contribute to a higher expression as discussed in Chapter 2, and since
the two groups of genes had out-of-phase nucleosome arrays upstream of the TSS, their NDR
width may suggest their expression levels. I examined the expression level of the ‘-140’ and ‘250’ gene groups and found that the ‘-140’ gene groups had significantly higher averaged
expression level yet lower median expression level (‘-140’ group averaged FPKM=18.88 median
FPKM=2.88, ‘-250’ group averaged FPKM=15.51 median FPKM=3.26, p=0.0012, MannWhitney U test). This suggests that the ‘-140’ gene group was enriched with highly expressed
genes, which can also be inferred from its lower nucleosome occupancy right at the TSS (Figure
2.5). One caveat of the MNase-seq assay used in this dissertation is that I used a median to low
level of MNase, which on the one hand preserved as many nucleosomes as possible but on the
other hand could include DNA that were protected by other protein factors including
transcription factors and RNA polymerases.

This could be improved by introducing an

additional ChIP step for histone H4.
Intrinsic DNA sequence has a dominant impact on nucleosome formation as not all DNA
sequence is capable of sharp bending. The differences between in vivo and in vitro nucleosome
patterns suggest other factors including transcription factors, chromatin remodelers, and RNA
polymerases constantly override sequence preferences to carry out biological functions. In
addition, nucleosomal DNA methylation, histone variant deposition and histone posttranslational modifications have distinct roles in affecting nucleosome stability, and those
alterations are closely tied to growth, development and responses to environmental perturbations.
We demonstrate that nucleosome patterns at rice genes were affected by GC content and
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transcription, and the nucleosome patterns at genes can be used to categorize genes. Functional
gene categories are closely tied to their expression levels, and we show that the correlation
between nucleosome occupancy and transcription was strongest at the NDR, providing the
possibilities to predict transcript abundance from nucleosome occupancy.
Through 24 hours of Pi starvation in rice, we show numerous nucleosome dynamics
across the genome, which were enhanced at differentially expressed genes. I found that there
was an increase of transcription upon Pi starvation but the increase was not statistically
significant (Ctrl total FPKM=487,353 -Pi total FPKM=562,311 p=0.51, Mann-Whitney U test).
Another way to investigate whether there was general genome activation or inactivation upon Pi
starvation is to measure the linker DNA length. An increase in linker length would suggest
genome inactivation and vice versa, as discussed in Chapter 1. I was unable to address the linker
DNA length from my MNase-seq data due to the uncertain length of each read from the
sequencing library. Future research should use pair-end sequencing on MNase-seq so that the
exact length of each nucleosomal DNA can be measured and a better anchoring of nucleosomal
DNA reads allows the measurements of linker DNA length as well as nucleosome phasing at
individual genes. I found up-regulated genes with dynamic nucleosomes were enriched with the
GO term photosynthesis while cell cycle and cell wall were among the enriched GO terms for
down-regulated genes. I examined the annotation of the up-regulated genes, and found that there
were several genes involved in iron (Fe) homeostasis including LOC_Os12g01530 (ferritin-1,
chloroplast precursor, putative, expressed), which is an ortholog of Arabidopsis Fer1 that
possesses a P1BS binding site at its promoter region suggesting its role in Fe homeostasis under
Pi starvation conditions in both rice and Arabidopsis (Secco et al., 2013).

The cross-talk

between Fe and Pi signaling in rice has been reported by previous studies, and Fe was found
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overloaded in the shoots under Pi starvation (Zheng et al., 2009; Secco et al., 2013). I observed
the induction of Fe storage genes in the shoots and correspondingly I expect to observe the
repression of Fe transporter genes in the roots and nucleosome dynamics with a net result of
closed chromatin at the promoters of those repressed genes. Future works can also include the
measurements of Fe concentration in the shoots and roots to better understand the cross-talk
between Fe and Pi homeostasis in rice. For down-regulated genes, I found genes closely related
to DNA replication and cell cycle, including origin recognition complex (LOC_Os06g08790,
LOC_Os10g26280),

MCM

DNA

replication

licensing

factor

(LOC_Os05g39850,

LOC_Os05g14590, and LOC_Os01g36390), helicase (LOC_Os04g49860), single-strand binding
protein

(LOC_Os03g11540),

and

cyclin

(LOC_Os01g59120,

LOC_Os04g47580,

and

LOC_Os10g41430) that contributed to the GO term enrichment of cell cycle and expansin
(LOC_Os02g42650 and LOC_Os10g40700) that contributed to the GO term ‘cell wall’. Future
studies can target those genes and explore their behavior under Pi starvation to identify putative
players in Pi starvation responses, and experiments on measuring DNA replication, cell cycle
and cell wall synthesis can be carried out to confirm the findings from chromatin and
transcription profiling.
Roots are the places where Pi is sensed and acquired, and I expect to observe more
dramatic transcriptional changes and nucleosome dynamics at genes including high-affinity
phosphate transporters, SPX-domain containing genes and acid phosphatases aiming at recycling
phosphate from the environment. Nucleosome organization is highly dynamic, and what we
have captured is a snapshot of a continuously changing process. More work can be done
tracking the time-course nucleosome dynamics and transcriptional changes in response to Pi
starvation along with assessing the role of other trans-determinants. I hypothesize that for
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certain Pi starvation responsive genes that are repressed under Pi sufficient conditions, the
removal of nucleosomes at the promoter is the prerequisite of transcriptional activation. If
possible, a time-lapse footage can be taken at the roots capturing the morphology changes in
response to Pi starvation: The elongation of primary roots is halted with the extension of lateral
root and the growth of root hairs. At that time, suppose the corresponding transcriptional
changes had already begun, and then several hours before would be a good time point to
investigate chromatin profiles in the roots. If the plants were exposed with longer Pi starvation
conditions, I expect to observe the recycling of P in the shoots, and the up-regulation of
phosphatases, ribonucleases, and high-affinity phosphate transporters in the shoots which are
similar to earlier responses in the roots. Re-supplying to Pi-starved plants would help with the
identification of certain ‘stress memory’ genes, which respond quickly to the stress and return to
basal-level expression when the stress is removed. For those genes, I expect the chromatin
architectures remain the same with or without stress as chromatin profiles may serve as the
foundation of the ‘stress memory’. To develop rice with better Pi-use efficiency and starvation
tolerance, it would be interesting to investigate whether those chromatin profiles related to ‘stress
memory’ are mitotically heritable and whether they can pass on to the next generation.
Our work on rice has confirmed some of the principles of nucleosome patterns and their
determinants observed in model eukaryotes, yet organisms have evolved different mechanisms to
cope with their environment. Future work is needed to uncover the complexity of Pi starvation
responses by identifying specific genes or even the master players in nucleosome dynamics.
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